Abstract-We have experimentally investigated the effects of Raman pump direction on the performance of multiwavelength Brillouin-Raman fiber laser. Comparison of Raman gain profiles at different Raman pump direction demonstrates higher gain in backward-pumping scheme than that in the forward pumping configuration. 192 channels at the typical Brillouin shifted frequency spacing of 10 GHz are attained through backward pumping due to the higher Raman gain. On the other hand, forward-pumping scheme produces better optical signal-to-noise ratio of 26 dB with 20 GHz channel spacing.
INTRODUCTION
In order to utilize the broad bandwidth in optical fiber and to satisfy the high capacity demand of future networks, dense wavelength division multiplexing (DWDM) systems have been exploited [1] . In DWDM networks, the multiplexing of different wavelength channels in a single fiber requires laser sources which generate higher number of wavelength with precise wavelength spacing between them, very narrow linewidth for each channel and extremely little environmentalinduced drift during the multiwavelength operation. Multiwavelength Brillouin-Raman fiber laser (MBRFL) is one of the recent approaches that is capable of providing high number of laser lines, flat amplitude, good stability and cost effectiveness [2] [3] [4] . When narrow bandwidth Brillouin gain combines with broad bandwidth Raman gain, hundreds of channels can be generated along the Raman gain bandwidth [5] . Conventional-MBRFL consists of a laser cavity in which dispersion compensated fiber (DCF) is utilized as nonlinear Brillouin and Raman gain media [5] . Self-feedback-seedingeffect is the main principle of MBRFL generation in which Rayleigh and Brillouin back-scatterings are manipulated to operate as virtual mirrors. Normally, the other nonlinear effects such as four wave mixing (FWM), self-phase modulation (SPM) and cross-phase modulation (XPM) that are assisted by distributed Raman amplification contributes to self-lasing cavity modes that lead to the formation of turbulent waves [6, 7] . The interaction between laser cavity lines and the turbulent waves causes spectral broadening of laser lines that has a direct impact on the quality of Brillouin Stokes lines in terms of optical signal to noise ratio (OSNR) [8, 9] .
Utilizing large effective area fiber (LEAF) can enhance the average OSNR along the flat amplitude MBRFL spectrum effectively [10] . Raman pump power (RPP) and Raman pump direction are two critical features that directly impact the characteristic and performances of generated MBRFL spectrum such as laser comb bandwidth or number of Stokes lines.
In this paper, the MBRFL spectra in different Raman pump direction are analyzed and compared. The focus of the study is on the bandwidth, channel count and optical signal-to-noise ratio (OSNR) performances. Higher channel count and wider bandwidth is observed with backward pumping (BWP) scheme while better OSNR is acquired from forward pumping (FWP) scheme.
II. EXPERIMENTAL SETUP
The experimental setup of conventional MBRFL is depicted in Figure 1 . The Brillouin pump (BP) power is provided by an external cavity tunable laser source (TLS) with a linewidth of approximately 20 MHz and a maximum power of approximately 8 dBm. Two optical isolators (ISO1, ISO2) are used to avoid back-reflection, block the BP from oscillating in the cavity and to ensure unidirectional operation of the laser. Corning LEAF of 25 km length with total insertion loss of 5.25 dB in C-band is used in order to suppress other nonlinear effects such as FWM, XPM and SPM. It has a large effective area of 72 µm 2 in the 1550 nm wavelength. The LEAF is spliced directly to 18 km DCF that has 8.18 dB total insertion loss, nonlinear coefficient of 7.3 (W.km) -1 and an effective area of 20 µm 2 . A wavelength selective coupler (WSC) is used to combine the 1455 nm Raman pump light with BP signal into the gain media. The Raman pump direction is considered with respect to the direction of Brillouin pump signal injected inside the gain media. FWP scheme is designated when Raman pump light co-propagates in the same direction of BP. FWP can provide a lower stimulated Brillouin scattering threshold [11] [12] [13] . However, counter-propagating pump or BWP scheme can produce higher Raman gain [14] . In the MBRFL experimental set-up shown in Fig.1 , the FWP scheme will be converted to BWP scheme by changing the pump The principle of multiwavelength comb generation is slightly different in forward and backward pumping schemes but both are based on the self-feedback-seeding effects of Brillouin-Rayleigh back-scattering which is amplified by Raman and Brillouin gain. Since distributed Raman gain causes extended interaction length, the transmitted BP power grows rapidly [5, 10] . After power saturation, the transmitted BP signals are back-scattered through shifted Brillouin frequency scattering. The first Brillouin Stokes line which propagates in reverse direction to the injected BP signal is back-scattered by frequency-unshifted Rayleigh scattering and frequency-shifted Brillouin scattering that act as virtual mirrors [5] . The Brillouin Stokes line is amplified as well and upon reaching the threshold, it then plays the role of a new BP for the generation of the next Brillouin Stokes line. The creation of subsequent Brillouin and Rayleigh components continues until the end of Raman gain bandwidth. Fig. 2 shows the Raman gain spectra in both pump directions at different RPP. The spectra are obtained without BP signal injection. It can be observed that the amplified spontaneous emission (ASE) in BWP configuration is significantly higher than in FWP by about 13 dB at equal RPP. Nevertheless, the gain profiles in both pump directions remain similar. Raman peak gain at 1555 nm, which corresponds to the initial Raman pump wavelength can be seen at all RPP in both pump directions. The output spectra of the MBRFL with different pumping schemes are presented in Figure 3 . Throughout both experiments, the BP is fixed wavelength of 1560 nm and peak power of 6 dBm while the RPP is set at 900 mW. Since the gain in BWP scheme is higher, the Rayleigh and Brillouin components are able to acquire sufficient gain to experience saturation. As a result, the power variation between the two scattering components are minimal with -23 and -21 dBm recorded for Rayleigh and Brillouin components correspondingly with average OSNR of 15 dB. The bandwidth is also wider by 1.5 nm and up to 192 channels are generated at 0.08 nm spacing. In-set graphs show magnified view of the spectra for clarification. In FWP scheme, only the Brillouin components experience saturation due to its lower threshold power. However, the Rayleigh components cannot obtain sufficient gain due to its higher threshold power and lower Raman gain. Subsequently, the spectrum of FWP-MBRFL exhibits vastly different peak power between its Brillouin and Rayleigh components. Consequently, wider channel spacing of 0.16 nm (20 GHz) is acquired in FWP configuration if the lower power Rayleigh components are neglected. Only 87 output channels are observed due to the wider channel spacing and lower Raman gain. Nevertheless, the lower Raman gain contributes lesser noise which explains the better average OSNR value of 26 dB attained in FWP-MBRFL.
III. RESULTS AND DISCUSSIONS

IV. CONCLUSION
The impact of Raman pump direction on MBRFL spectrum performances can be observed in this experimental work. Although higher Raman gain in BWP-MBRFL allows higher channel count, the OSNR deteriorates due to greater noise contribution. In contrast, FWP scheme produces lesser output channels but better OSNR is observed and the channel spacing is larger, which permits less stringent filter specifications in optical transmission.
